Maspin is a unique serpin with the ability to suppress certain types of malignant tumors. It is one of the few p53-targeted genes involved in tumor invasion and metastasis. With this in mind, we attempted to study the molecular mechanism behind this tumor suppression. Maspin-expressing mammary tumors are more susceptible to apoptosis in both implanted mammary tumors in vivo, a three-dimensional spheroid culture system, as well as in monolayer cell culture under lowered growth factors. Subcellular fractionation shows that a fraction of maspin (in both TM40D-Mp and mutant maspin⌬N cells) translocates to the mitochondria. This translocation of maspin to the mitochondria is linked to the opening of the permeability transition pore, which in turn causes the loss of transmembrane potential, thus initiating apoptotic degradation. This translocation is absent in the other mutant, maspin⌬RSL. It fails to cause any loss of membrane potential and also shows decreased caspase 3 levels, proving that translocation to the mitochondria is a key event for this increase in apoptosis by maspin. Suppression of maspin overexpression by RNA interference desensitizes cells to apoptosis. Our data indicate that maspin inhibits tumor progression through the mitochondrial apoptosis pathway. These findings will be useful for maspin-based therapeutic interventions against breast cancer.
Cancer cells are defective in their response to apoptosis. Unlike their normal counterparts, which undergo apoptosis in response to lower survival signals, tumor cells do not undergo apoptosis easily because they have defects in their ability to activate the death signaling pathway (17) . Thus, one effective cancer therapy is to activate the tumor cell's apoptosis pathway (10, 11, 31) .
Mammary serine protease inhibitor (maspin) was identified in normal mammary epithelial cells by subtractive hybridization as a candidate tumor suppressor protein. It is considered a class II tumor suppressor gene (43, 67) since the gene is not mutated or deleted but rather transcriptionally downregulated or silenced by epigenetic changes in breast cancer (14, 63, 68) . A number of studies have shown its inhibitor effects on tumors. Mammary carcinoma cells transfected with maspin showed reduction in tumor growth and metastasis in nude mice (58) . While the addition of recombinant maspin decreased the migration potential of breast and prostate cancer cells, the levels of maspin expression showed an inverse correlation with progression of malignancies (58) . It has been documented that maspin inhibits angiogenesis in rat cornea and xenograft models (65) and has also been shown to inhibit mammary tumor progression and metastasis in bitransgenic mice (65) .
In human breast tissue, maspin is expressed in both myoepithelial and luminal epithelial cells, and it has been suggested that the maspin-expressing myoepithelial cells form a defensive barrier to progression from ductal carcinoma in situ to more invasive carcinoma (49) . Despite its proven role in tumor suppression, the molecular mechanism underlying maspin's inhibition is not well characterized. Previously, our laboratory showed that mammary glands overexpressing maspin inhibited alveolar development during pregnancy through the induction of mammary cell apoptosis (64) . Subsequently, we demonstrated that in mammary tumors from both whey acidic protein-simian virus 40 T antigen and whey acidic protein-maspin bitransgenic mice, there was a strong correlation between maspin overexpression and increased apoptosis (65) , suggesting that maspin could directly induce tumor cell apoptosis in vivo. Jiang et al. (21) have also shown that maspin can sensitize MDA-435 mammary tumor cells to induce apoptosis by a chemical reagent.
There are at least two signaling pathways that are involved in apoptosis, the extrinsic and intrinsic pathways. The extrinsic pathway is activated by ligand-bound death receptors of the tumor necrosis factor receptor superfamily (6) . The intrinsic pathway is a signal transduction pathway involving the mitochondria and the Bcl2 protein family (5) . The role of mitochondria in the process of apoptosis has been the focus of attention ever since it was observed that the antiapoptotic protein Bcl2 localizes in the outer membrane of mitochondria (34) . Over the past several years, permeabilization of the mitochondrial outer membrane to release proteins from the intermembrane space has been the focus of many researchers (59) . Several of these, including cytochrome c, AIF, Smac/ DIABLO, Omi/Htra2, and endoglycosidase G have all been found to have a role in the subsequent cell death (52, 8, 56, 27, 54) . In particular, the release of cytochrome c induces the activation of caspase proteases through the induction of apoptosome formation (25) .
Mitochondrial functions such as protein import, ATP generation, and lipid biogenesis depend on the maintenance of membrane potential (⌬⌿m) (57) , and loss of ⌬⌿m during apoptosis likely causes cell death through these functions (37) . Before cells manifest any signs of nuclear apoptosis, they disrupt the mitochondrial transmembrane potential (61) . As to the mechanism of preapoptotic ⌬⌿m disruption, it appears that it is mediated by so-called permeability transition pores, i.e., regulated megachannels that allow the dissipation of inner transmembrane ion gradients. There are known permeability transition inducers such as atractyloside, CaCl 2 , iodinamide, and also known chemicals which alternatively inhibit this ⌬⌿m dissipation, such as cyclosporine and bonkrekic acid (62, 24) .
A further argument in favor of the implication of permeability transition in apoptosis regulation is the finding that the apoptosis-inhibitory protein Bcl2 functions as an endogenous permeability transition inhibitor. This Bcl2 protective effect has been observed in both intact cells (61) and isolated mitochondria (62) , suggesting that permeability transition may indeed constitute the Bcl2-regulated checkpoint(s) of the apoptotic cascade (51) . Based on the finding of other investigators who used a cell-free system to study the induction of permeability transition in isolated mitochondria, it can be concluded that there is a direct molecular link between preapoptotic ⌬⌿m disruption and apoptosis.
In this study, we report that maspin inhibits mammary tumor progression by actively mediating increased tumor cell apoptosis. A mitochondrial death signal pathway is induced which involves the localization of imported maspin to the mitochondria, the dissipation of ⌬⌿m, and release of cytochrome c. These data may provide major clues for understanding the role of maspin in apoptosis regulation.
MATERIALS AND METHODS
Cell line and cell culture. The TM40D mammary tumor cell line was established from a primary tumor that arose in the serially transplanted TM40D preneoplastic outgrowth line (22, 66) . TM40D cells were grown in Dulbecco's modified Eagle's medium-medium F12 with 2% fetal bovine serum, epidermal growth factor, and insulin as described previously (22) .
TM40D cells were infected with retrovirus vector for establishing stable cell lines as described by Shi et al. (46) . Briefly, human maspin cDNA was cloned into pS2-GFP, a retroviral vector that was derived from the pS2 family of retroviral vectors. The plasmid constructs pS2-maspin and pS2-blank vector were transfected into 293T cells to produce infective viral particles. The viral supernatants were then allowed to infect TM40D cells in the presence of Polybrene. The transfected cells were then selected in the presence of 100 g of zeocin (Invitrogen Co.) per ml. Cells were seeded by limiting dilution in 96-well plates. Single clones of stably transfected cells were transferred to individual wells of 24-well plates and cultured in medium containing 100 g of zeocin per ml. Individual clones were confirmed for the presence of human maspin cDNA by reverse transcription-PCR, immunoblotting with maspin polyclonal antibody, and immunofluorescence staining.
Two maspin overexpression clones were chosen and named TM40D-Mp(16) and TM40D-Mp (18) . One TM40D cell line infected by the pS2 vector was used as a negative control. All the subclones were subsequently maintained at 37°C in a humidified 95% O 2 -5% CO 2 atmosphere in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and L-glutamine. For spheroid cell culture, the subclone cells were seeded in nonprecoated culture dishes and cultured in 37°C-5% CO 2 incubator with shaking for 3 days (53) . As a result, cells did not attach to the substratum but simply grew and formed small threedimensional colonies. They were then transferred to Matrigel-covered petri dishes and kept in culture for 1 week.
Conditions for apoptosis induction. TM40D and TM40D-MP cells were plated on coverslips or 10-cm plates and cultured to 80% confluence. They were serum starved for 48 h in Dulbecco's modified Eagle's medium with 1% penicillin-streptomycin. The DNA fragmentation assay was carried out by a modification of Stolzenberg's protocol (50) . After serum starvation for 48 h, the cell lines were collected by centrifugation for 3 min at 1,200 rpm, washed with ice-cold phosphate-buffered saline buffer, and lysed in DNA extraction buffer (50 mM Tris-HCl [pH 8.0], 100 mM EDTA, 100 mM NaCl, 1% sodium dodecyl sulfate, and 0.3 mg of proteinase K per ml) for at least 3 h at 55°C. The DNA was precipitated by the addition of isopropanol with subsequent centrifugation at 14,000 rpm for 10 min and washed with 70% and 100% ice-cold ethanol. Following the removal of ethanol, the DNA was air dried and dissolved in 20 l of Tris-EDTA buffer; 5 g of DNA was analyzed on a 1.6% agarose gel and visualized under UV light.
Cells were also induced to apoptosis by the chemical reagent staurosporine; 1 M staurosporine was added to Dulbecco's modified Eagle's medium with 2.5% fetal bovine serum for 4 h. TUNEL assay. After serum starvation, the cells cultured on coverslips were washed with ice-cold phosphate-buffered saline and fixed in 4% paraformaldehyde for 1 h at 4°C. The TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling) assay was performed according to the manufacturer's specifications (Roche). They were then rinsed with phosphate-buffered saline twice and permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate for 2 min on ice. Following the Triton treatment, 50 l of TUNEL reaction mixture was added to each sample for 30 min at 37°C. The slides were then rinsed three times with phosphate-buffered saline and counterstained with 4Ј,6Ј-diamidino-2-phenylindole (DAPI). They were analyzed with fluorescence microscopy. The quantitation of apoptosis was done by counting the number of apoptotic cells in four randomly selected fields with a 20ϫ objective. For the tumor section TUNEL assay, tumor samples were embedded and sectioned to 5-m slides. The in situ TUNEL assay was carried put for sections as described above. The number of mammary cancer cells undergoing apoptosis was determined by counting the number of apoptotic cells per ϫ200 field. Three such fields were counted for each tumor sample, and the numbers were averaged.
Sub-G 1 DNA content measured by flow cytometry analysis. TM40D cells in monolayers or spheroids were grown in the absence of serum as mentioned above for apoptosis analysis. Flow cytometry was used to measure the sub-G 1 DNA content, a marker for the fraction of apoptotic cells. Briefly, cells were first collected by trypsinization and fixed with 70% cold ethanol for 1 h at room temperature with shaking and then washed with phosphate-buffered saline twice and finally incubated with RNase and stained with propidium iodide for 30 min at 37°C. The DNA content was analyzed with Beckman-Coulter EPICS with a 15-mW argon laser at 488 nm and System II version 3.0 program. Subcellular fractionation. Subcellular fractionation of TM40D-Mp cells was performed as described previously (16) . Each fraction was subjected to two cycles of washing to remove cross contamination and further analyzed for maspin content by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). The purity of each fraction was also tested by immunoblotting with various fraction markers.
Construction, expression, and purification of His/GST-maspin fusion proteins. Glutathione S-transferase (GST)-maspin containing a C-terminal deletion (maspin⌬RSL) has been described previously (65) . Deletion of amino acids 140 to 375 (N-maspin) and 1 to 139 (maspin⌬N) was constructed in the same way as outlined in reference 65. They were transformed into Escherichia coli BL21 cells and expressed and purified as described by the manufacturer (Amersham Pharmacia Biotech). Similarly, the His-maspin fusion protein was already available from the laboratory stock, and they were expressed and purified according to the manufacturer's (BD Biosciences Clonetech) instructions. The fusion proteins were then labeled with iodine-125 according to the manufacturer's protocol (Pierce) with Iodo-gen precoated iodination tubes. These were used for the import assay studies.
Plasmids, cell culture, and transfections. Constructs expressing the GST fusion proteins N-maspin, maspin⌬N, and maspin⌬RSL were generated by PCRbased cloning. Briefly, DNA fragments encoding the desired maspin regions in all the above constructs were produced by PCR amplification, digested with either EcoRI or XhoI and XbaI, and cloned into a pEF-IRES-P vector (18) digested with the same pair of enzymes. TM40D cells were maintained in Dulbecco's modified Eagle's medium supplemented with 5% fetal bovine serum. For the stable transfections, cells were plated in a 100-mm plate, and after about 70% confluency, the cells were transfected with the above plasmids by the use of Lipofectamine (Life Technologies) according to the manufacturer's protocol. After transfection the cells were incubated in Dulbecco's modified Eagle's medium-10% fetal bovine serum for 48 h, and selection with puromycin (1 g/ml) was started. The cells under selection were grown for about 2 to 4 weeks for stable transfections and then harvested and further analyzed.
Isolation of mitochondria and import of maspin. Mitochondria from mouse liver were prepared according to the protocol outlined by Susin et al. (52) . The import assay was done according to Ryan et al. (42) . For protease treatment, the samples were cooled to 0°C and incubated with proteinase K (30 g/ml) for 20 min at 0°C. Then a 30-fold excess of phenylmethylsulfonyl fluoride was added to the samples. The mitochondria were then reisolated by centrifugation and analyzed by SDS-PAGE, and phosphorimage analysis for the 125 I-labeled maspin and ovalbumin and also for the other GST fusion proteins. Atractyloside (5 mM) was added to see whether opening of the permeability transition pore facilitated import (52) . Mitochondria from cells were isolated according to the protocol of Yang et al. (60) . The isolated mitochondria were then analyzed by SDS-PAGE and checked for the expression of maspin by Western blotting and Immunoprecipitation analysis.
Membrane integration and fractionation. Mitochondrial swelling was performed according to Sollner et al. (47) . After import, mitochondria were diluted with five times their volume of SEM buffer or EM buffer (the same buffer without sucrose in order to induce hypo-osmotic shock of the mitochondria) in the presence of proteinase K (30 g/ml) for 20 min at 0°C. Phenylmethylsulfonyl fluoride was added, and the mitochondria were pelleted, rinsed, and resuspended in sample buffer. Carbonate extraction was done by the procedure outlined by Ryan et al. (42) . Submitochondrial fractions (matrix, inner membrane, intermembrane space, and outer membrane) were obtained following standard methods (36) .
Membrane potential (⌬⌿m) dissipation. The staining protocol for fluorescence ratio detection was done per the protocol outlined in the manufacturer's catalogue (Biocarta). The cells were prepared and stained with JC-1 dye as per the method outlined by Biocarta and analyzed with a fluorescence plate reader.
Fluorescence plate reader set-up. The plate reader was set up to perform an endpoint read. The excitation wavelength was set at 488 to 490 nm, and the emission wavelength was set at 527 nm for green fluorescence and at 590 to 600 nm for red fluorescence. The samples were read under these set conditions.
Release of cytochrome c. Cytochrome c release from TM40D and TM40D-Mp cells and cytochrome c immunoblotting were carried out with a modified protocol of Kluck et al. (23) . Cultured cells were starved with serum-free Dulbecco's modified Eagle's medium for 48 h and then collected with lysis buffer (50 mM Tris [pH 7.5], 150 mM NaCl 2 , 5 mM EGTA, 1 mM CaCl 2 , 1 mM MgCl 2 , 1% NP-40, 1 g of leupeptin per ml, 1 g of aprotinin per ml, 1 M phenylmethylsulfonyl fluoride, and 100 M Na 3 VO 4 ) and left incubating at 4°C either for 2 h or overnight. After the lysis they were centrifuged at 14,000 rpm for 15 min. The supernatants were collected, and total cytosolic proteins were quantitated by Bradford spectrometer. About 100 g of protein was loaded in an SDS-12.5% PAGE gel and transferred to a polyvinylidene difluoride membrane (Bio-Rad Laboratories, Richmond, Calif.) at a constant current of 250 mA for 2 h.
Western blotting and immunoprecipitation. For Western blotting analysis, cell lysates were prepared with a low-salt buffer as described unless otherwise specified. They were separated by SDS-PAGE followed by Western blotting on nitrocellulose membranes and immunodetection of cytochrome c (H-104, Santa Cruz; dilution 1:1,000) and OGC (dilution 1:500). Then, membranes were incubated with anti-rabbit immunoglobulin G-horseradish peroxidase conjugate (dilution 1:1,000). Antibody-conjugated activity was visualized with the Super Signal chemiluminescence reagent (Pierce). For immunoprecipitation analysis, wholecell lysates and/or the cytoplasmic and mitochondrial fractions were incubated overnight with the maspin antibody. Immune complexes were precipitated with protein A-Sepharose beads and washed with lysis buffer before being resolved on SDS-PAGE and analyzed by Western blotting.
RNA interference. Sequences of silencing short interfering RNAs in the maspin mRNA were selected based on a previously described method (9) . In order to identify effective knockdown short interfering RNAs, we initially selected two potential target sequences in maspin mRNA and synthesized short interfering RNA duplexes (silencer short interfering RNA construction kit; Ambion). A commercially available negative-control short interfering RNA was used as a control (sequence 1; Ambion). Short interfering RNA sequences were transiently transfected into cells with Oligofectamine (Invitrogen), and maspin expression was analyzed by Western blotting. Effective and specific short interfering RNAs were cloned into the pSUPER.retro.puro vector (Oligo Engine) and transfected into the PT67 packing cell line (Clonetech). Virus-containing supernatants were added to TM40D-Mp cells for 2 days in the presence of 2 g of Polybrene. An empty pSUPER.retro was used as a control. Two days after infection, cells were treated with 1 g of puromycin for 2 to 4 days. Cells stably expressing maspin short interfering RNAs were used for further analysis.
Caspase-3 fluorogenic assay. Cells were seeded in triplicate in a 96-well plate and grown to about 80% confluence either with or without inducers for apoptosis. The growth medium was aspirated and 30 l of lysis buffer (1ϫ lysis buffer: 10 mM Tris-HCl [pH 7.5], 10 mM NaH 2 PO 4 or Na 2 HPO 4 [pH 7.5], 130 mM NaCl 2 , 1% Triton X-100, and 10 mM sodium pyrophosphate, sterile filtered and stored at 4°C) was added and incubated on ice for 30 min. During the incubation time, reaction mixtures were made up (for one well: 3.57 l of Ac-DEVD-AMC caspase 3 fluorogenic substrate [Pharmingen catalog no. 66081U] reconstituted in 1 ml of dimethyl sulfoxide to yield a 1.4 mM final solution) and 216 l of 1ϫ protease assay buffer (20 mM HEPES [pH 7.5], 10% glycerol, 2 mM dithiothreitol added before use at 2 l of 1 M dithiothreitol per ml of base). About 220 l of reaction mixture was added to each well (250 l final volume), wrapped in aluminum foil, and incubated at 37°C for 3 to 6 h. The AMC liberated was measured with a fluorometer (excitation wavelength 360 nM and emission wavelength 465 nM).
RESULTS
Maspin mediates increased induction of mammary tumor apoptosis. To determine whether maspin overexpression has an effect on tumor progression in vivo, we carried out tumor implantation studies with the TM40D cell line. Two groups of mice were implanted with either maspin overexpression transfectants or control transfectants in both number 4 mammary glands. Since overexpression significantly inhibited mammary tumor growth and metastasis, we went on to determine whether this overexpression has any effect on tumor apoptosis. Primary tumors from TM40D and TM40D-maspin (TM40D-Mp) cells were sectioned, and in situ detection of apoptosis was performed ( Fig. 1A and B) . Increased apoptosis (about 40 to 50%) was seen in tumors expressing maspin compared to those without maspin (Fig. 1C) .
In order to investigate the molecular mechanism underlying maspin-induced tumor cell apoptosis in vivo, stable clones with various levels of maspin expression were selected and analyzed by semiquantitative reverse transcription-PCR (data not shown). Two maspin-overexpressing clones TM40D-Mp (16) and TM40D-Mp(18), and a negative control subclone named TM40D(control) were selected for further study. TM40D-Mp(18) had higher maspin expression than TM40D-Mp(16) at both the mRNA and protein levels.
Multicellular spheroids are an excellent culture system for mimicking tumor growth in vivo (44) . TM40D(control) and maspin-expressing TM40D-Mp cells were cultured to form three-dimensional spheroids in medium containing 10% serum ( Fig. 2A to D) . These spheroids were harvested, embedded in paraffin, and sectioned to 5-m slides for hematoxylin and eosin staining histology and for the TUNEL apoptosis assay. The TUNEL assay revealed that TM40D-Mp(18) tumor cells had a higher rate of apoptosis than TM40D(control) cells ( Fig.  2E and F) . To further quantitate the difference of apoptosis between maspin-expressing TM40D-Mp tumors and TM40D control tumors, spheroids were harvested to measure apoptosis by a semiquantitative flow cytometry analysis. As shown in Fig.  2G , the sub-G 1 DNA content was measured as a fraction of apoptosis in the three TM40D cell lines. TM40D-Mp(16) and TM40D-Mp(18) cells had increased apoptosis compared to TM40D(control) cells (Fig. 2G) .
To further confirm that maspin could increase tumor cell apoptosis under growth-limiting factors, TM40D and TM40D-Mp cells were grown in cell culture in the absence of serum for a fixed period of time, and the DNA fragmentation assay, a classical measurement for cell apoptosis, was carried out to measure the release of DNA fragments. An increase in DNA fragmentation was clearly observed in maspin-expressing (16) and TM40D-Mp(18) cells compared to TM40D cells (Fig.  3A) . Furthermore, the TUNEL assay was used to quantitate the apoptosis level in the three TM40D tumor samples. When these tumor cells were grown under serum-free conditions for 24 h, apoptosis was induced in all three tumor samples. However, a significant increase in apoptosis was observed in (Fig. 4) of the cell extracts clearly indicates the ubiquitous distribution of maspin. While it is confined mostly to the cytosol (S4) in healthy TM40D-Mp cells with variable amounts in the nuclear (lanes P1), Golgi/lysosomal (lanes P3), and endoplasmic reticulum/microsomal fraction (lanes P4). After induction of apoptosis by serum starvation for 48 h, maspin translocates to the mitochondria (lanes P2 to 2) at the same time as a decrease in level in the cytosol (lanes S4 to 2) and a slight increase in level in the endoplasmic reticulum (lanes P4 to 2). The level of maspin however remains the same in both the nuclear and Golgi/lysosomal fractions. With different marker antibodies against the different fractions, the purity of the fractionation was confirmed. Having found that the membranes are pure without any significant contamination of fractions, we strongly believe that maspin is translocated to the mitochondria under induced apoptotic conditions compared to healthy cells. This intrigued us to study the molecular mechanism behind the translocation of maspin into mitochondria.
Assaying protein import into mitochondria. The subcellular fractionation results revealed that maspin was translocated to the mitochondria when induced for apoptosis. Since mitochondrial translocation can be studied in vitro with the radioactively 125 I for the in vitro mitochondria import assay. Maspin was incubated with isolated mouse liver mitochondria to test its ability to interact with this organelle in vitro. The mitochondria were incubated in cell-free system buffer with or without atractyloside (5 mM) and then treated with proteinase K and reisolated by centrifugation. This was washed once with the cell-free system buffer and then centrifuged again. The pellet obtained is the mitochondrial fraction, and the supernatant is the cytosolic fraction.
As shown in Fig. 5A , maspin was found in the mitochondrial pellet in the presence of atractyloside (lane 1) but not in the absence of atractyloside (lane 2). Accordingly, maspin is found in the supernatant in the absence of atractyloside (Fig. 5A,  lane 4) . Since most of the imported maspin in the presence of atractyloside is localized in the mitochondrial pellet, the supernatant fraction (Fig. 5A, lane 3) has little maspin present. To confirm the specificity of maspin import into mitochondria, ovalbumin (45 kDa), a member of the serpin family, which is also similar in size to maspin (42 kDa), was used as a control. Importantly, 125 I-labeled ovalbumin (Fig. 5B, lane 1) was not imported into the mitochondria even with the atractyloside incubation. Most of the labeled His-maspin under the noninduced conditions was found in the wash (since those protein molecules which were loosely bound to the mitochondria appeared to be removed in the wash) (data not shown), rational- . This condition was also observed in ovalbumin under both induced and noninduced conditions (Fig. 5B, lanes 3 and 4) since the import of ovalbumin is not specific to mitochondria, the loosely bound proteins are washed away. Determination of sublocalization of maspin in the mitochondria. To narrow down the localization of maspin more precisely, further experiments were carried out as outlined by Ryan et al. (42) . We used the classical procedure for disruption of mitochondrial outer membrane by swelling the mitochondria. By swelling the matrix, imported maspin is seen to be protected from proteinase K (Fig. 6A, lanes 1 and 2) . Therefore, it is either present free in the mitochondrial matrix or associated with the inner membrane. In addition, treatment with Triton X-100 before proteinase K digestion made it susceptible to protease degradation (Fig. 6A, lane 3) . These results suggest that maspin is an integral mitochondrial protein.
Submitochondrial fractionation with the sodium carbonate extraction method indicated that maspin is present in the pellet fraction. Hence, it is resistant to alkaline extraction, suggesting that it is a transmembrane protein (Fig. 6A, lane 5) , since proteins that remain in the pellet following extraction are hypothesized to be integral membrane proteins and proteins that remain in the supernatant are matrix proteins. This confirms that maspin is translocated to the inner membrane of mitochondria. Importantly, maspin was found in the same fractions as the oxoglutarate carrier OGC, an inner membrane marker protein (Fig. 6B, lanes 1 to 6) . In order to confirm the localization of maspin in this inner membrane fraction, we carried out fractionation of the mitochondrial membrane. Imported maspin was found to be localized in the inner membrane fraction of the mitochondria (Fig. 7A and B, lane 4) . Figure 7C (lane 4) depicts the expression of OGC in the inner membrane fraction obtained by fractionation.
To rule out the possibility of nonspecific interaction of the N-terminal His tag with mitochondrial membrane proteins, the import assay with GST-maspin was also done along with GST protein as a control (Fig. 8A and B) . GST-maspin is found in the mitochondrial pellet and not in the supernatant in the presence of atractyloside (lanes 1 and 3, respectively). However, in the absence of atractyloside, GST-maspin is found in the supernatant and not in the mitochondrial pellet fraction (lanes 4 and 2, respectively). To provide further support for the mitochondrial targeting of maspin, different mutant proteins of GST-maspin were studied for domain specificity for import into mitochondria. The mutant with only the N terminus of maspin did not get translocated into the mitochondria (Fig.  8C) , whereas the mutant with the N-terminal deletion (maspin⌬N) (Fig. 8D) 
FIG. 6. Localization of imported maspin into mitochondria.
To determine maspin sublocalization in mitochondria, the outer membrane was disrupted by either swelling, Triton extraction, or carbonate extraction (as described in Materials and Methods). (A) Immunoblot of maspin. Lanes 1 and 2, swelling. The remaining amount of maspin protected after proteinase K treatment were determined after formation of the mitoplast. Mitoplasts were obtained with an osmotic shock of 15 min in 1 mM EDTA-10 mM morpholinepropanesulfonic acid (MOPS, pH 7.2). Lanes 3 and 4, mitoplasts were treated with Triton X-100 or not before digestion with proteinase K, making them susceptible to proteinase K degradation. Lanes 5 and 6, carbonate extraction. The carbonate-resistant (pellet, lane 6) is separated from the peripheral carbonate-extractable proteins (supernatant, lane 5). (B) Immunoblot of OGC (a marker for the inner membrane protein) was also carried out in a similar way to follow the degree of opening of the mitochondrial outer membrane. This allowed observation of the specific localization of maspin to the inner membrane.
(maspin⌬RSL), which contains the RSL domain, completely abolishes the ability of maspin to import to mitochondria and to induce apoptosis (Fig. 8E) . The pattern of nonmitochondrial translocation with the other mutants, especially the one with the RSL domain deleted, highlights the fact that it is the RSL domain that appears to be important for the translocation of maspin into the mitochondria.
To further ascertain the role of mitochondrial import of maspin in apoptosis, these GST fusion constructs were PCR cloned into a mammalian expression vector and stably transfected to TM40D cells. After stable selection, the cells were harvested and fractionated to observe the localization of maspin in these mutants. It is clear from Fig. 9A that maspin is seen in the mitochondrial fraction only (lane P2) in the maspin⌬N transfectant clones but not in the maspin⌬RSL clones, clearly confirming the previous data with these mutants. It is also interesting that the subcellular fractionation of maspin⌬N is comparable to that of TM40D-Mp (Fig. 4, lane  P2) . These data clearly suggest that the translocation of maspin to the mitochondria is important for increased apoptosis in these cells.
To investigate further whether maspin indeed mediates increased apoptosis in the TM40D-Mp and various mutant transfectants, the caspase 3 assay was performed on these cells. The results (Fig. 9B) revealed that maspin⌬RSL and N-maspin transfectant clones did not induce effective apoptosis such as the TM40D-Mp cells did. However, there was a significant increase in the caspase 3 level of maspin⌬N transfectants when serum starved, and the caspase 3 activity level was comparable to that of TM40D-Mp cells. These data are consistent with the in vitro mitochondrial translocation assays (Fig. 8) , suggesting that the ability of maspin to translocate to mitochondria is connected with the increased apoptosis and such an increase in apoptosis is mediated through the RSL domain of maspin.
Dissipation of membrane potential (⌬⌿m).
Detection of the mitochondrion permeability transition event provides an early indication of the initiation of cellular apoptosis. This is typically defined as a collapse in the electrochemical gradient across the mitochondrial membrane, as measured by a change in the membrane potential. We studied mitochondrial membrane collapse by the use of a fluorescent membrane potential probe, JC-1 (40), since atractyloside induction is known to open up the permeability transition pore. To study the dissipation of membrane potential in vivo, we proceeded to obtain the fluorescence ratio. With the dual fluorescence characteristic of the dye, the changes in the mitochondrial ⌬⌿m can be most accurately assessed by comparing the ratio of optical density at 590 and 600 nm (red) with that at 527 nm (green). When apoptosis is induced, the red/green optical density ratio drops compared to that of the negative (noninduced) control. This drop in optical density corresponds to a reduction in the number of healthy mitochondria able to maintain the negative potential necessary to concentrate the dye in the red aggregate form. TM40D and TM40D-Mp cells were either induced for apoptosis by serum starvation or left noninduced and then labeled with the 1X JC-1 dye solution for 15 min. The samples were then read on a 96-well fluorescence plate reader with the settings described in Materials and Methods.
As the mitochondrial ⌬⌿m collapses, indicating apoptosis, control cells had a 10% drop in red fluorescence (Fig. 10,  TM40D , lane b) compared to the 75 to 80% red fluorescence drop in TM40D-Mp cells (Fig. 10, TM40D-MP, lane b) . The (Fig. 10, maspin⌬N, lane b) , which is very close to that of TM40D-Mp cells, while maspin⌬RSL showed a drop of 10% (Fig. 10, maspin⌬RSL) , which is comparable to that of the TM40D control cells. The increased loss of ⌬⌿m in the TM40D-Mp and maspin⌬N cells is directly linked to the increased apoptosis activities in these cells, suggesting that the translocation of maspin into the mitochondria under induced membrane permeability transition triggers increased apoptosis in these cells. Release of cytochrome c from mitochondria along with translocation of maspin into the mitochondria. Mitochondrial cytochrome c release appears to be a common change once the ⌬⌿m is dissipated. Since maspin increases the loss of ⌬⌿m, we proceeded to study the release of cytochrome c in these maspin-overexpressing cells. For this purpose we analyzed cytochrome c release in TM40D and TM40D-Mp cells. Cells were serum starved and harvested for whole-cell extracts and mitochondrial and cytosolic fractions and subjected to Western blotting analysis for cytochrome c expression. As shown in Fig.  11A , the overall amount of cytochrome c in whole-cell extracts of TM40D and TM40D-Mp cells remained at the same level (whole-cell lysate panel). In the control TM40D cells, cytochrome c was found to be retained in the mitochondrial fraction even under induced conditions (lane 2, mitochondrial fraction) when compared to the noninduced conditions (Fig.   11A, lane 1, mitochondrial fraction ). There is a low level of cytochrome c expression observed in the cytoplasmic fraction under induced conditions (Fig. 11A, lane 2, cytosolic fraction) , indicating the low level of mitochondrial apoptosis in these control cells. However, the maspin-expressing TM40D-Mp cells had a higher release of cytochrome c in the cytosolic fraction when cells were undergoing apoptosis (Fig. 11A, lane  2, cytosolic fraction) , which was concurrent with the lower levels of cytochrome c in the mitochondrial fraction of the TM40D-Mp cells (Fig. 11A, lane 2, mitochondrial fraction) .
To investigate further the translocation of maspin under in vivo conditions when cytochrome c is released, immunoprecipitation and Western blotting analysis of whole-cell lysate and mitochondrial and cytosolic fractions for maspin expression were performed (Fig. 11B) . Interestingly, we observed an increased level of maspin in the cytoplasmic fraction under noninduced conditions (Fig. 11B, lane 1) compared to induced conditions (Fig. 11B, lane 2) , which was concurrent with the translocation of maspin into the mitochondrial fraction under induced conditions. In addition, the level of maspin expression in TM40D-Mp cells under induced conditions is relatively more than under noninduced conditions (Fig. 11B , whole-cell lysate, lanes 1 and 2). These data indicate that under induced conditions, maspin translocates to the mitochondria with the release of cytochrome c from the mitochondria.
Use of RNA interference in suppressing the expression of maspin in TM40D-Mp cells. In order to gain further support for the finding that maspin is directly responsible for the increase in apoptosis, we employed RNA interference to specifically downregulate maspin expression in TM40D-Mp cells. Two target sequences starting from nucleotides 229 and 455 of maspin mRNA was designed, and these short interfering RNAs were constructed in the pSUPER.retro vector and transfected into cells in order to obtain cells stably expressing short interfering maspin RNAs. Transfection with short interfering RNA molecules against maspin (si-maspin) effectively suppresses maspin expression in the TM40D-Mp cells (Fig. 12) but not in the control short interfering RNA (containing empty on January 27, 2018 by guest http://mcb.asm.org/ vector alone). This was confirmed by immunoprecipitationWestern blotting analysis. As shown in Fig. 12B , the expression of maspin was significantly suppressed in the si-maspin cells (lanes labeled 229 and 445) but not in the cells containing the control short interfering RNA (empty vector alone). The reduction in maspin protein expression was more than 90% complete, as quantified by Western blotting (Fig. 12) . However, when the blots were exposed for longer times, there was a faint appearance of maspin expression in the short interfering RNA cells (data not shown). The caspase 3 activity level measured by the fluorogenic assay is a quantitative analysis for apoptosis in these cells, since downregulated caspase 3 is the final step in the cell death cascade. We therefore measured the caspase 3 activity level in the control and si-maspin cells to determine the rate of apoptosis. Inhibition of maspin expression resulted in a twofold decrease in the caspase 3 levels of these si-maspin cells (Fig.  12A) . We found that the expression of caspase 3 in short interfering RNA-transfected TM40D-Mp cells was reduced by 70% relative to the control-transfected cells or with the control untransfected TM40D-Mp cells. It was interesting that the caspase 3 activity level of these si-maspin cells was similar to that of TM40D cells, which have very low maspin expression.
Together, these data demonstrate that maspin is actively involved in the increased induction of apoptosis in TM40D-Mp cells.
DISCUSSION
The purpose of the current study was to investigate the role of maspin in mammary tumor cell apoptosis. In the past few years, maspin has been shown to act as a tumor suppressor, inhibiting both primary tumor growth and metastasis in cell culture. We now report the mediating role of maspin in increasing tumor cell apoptosis. Tumor cells growing in vivo have limited access to growth factors, but under normal cell culture conditions, cultured tumor cells grow in the presence of excess serum and growth factors and therefore are less likely to undergo apoptosis. This explains why even in the presence of 10% serum, maspin-expressing cells rarely undergo apoptosis when grown in monolayer cultures (data not shown), as also reported by Jiang et al. (21) . Thus, the role of maspin in apoptosis was examined in spheroid tumor cultures.
The three-dimensional model has a distinct advantage for both tumor-tissue interactions and interactions between normal epithelial cells and their surrounding extracellular matrix in making life-and-death decisions (20) . In the three-dimensional spheroid model, tumor cells in the center of spheroids have limited growth factors, which more closely mimic solid tumors in vivo. Our data demonstrate that the tumor spheroids formed from maspin-expressing tumors had a higher apoptosis rate than those formed from the TM40D control. This finding was confirmed by apoptosis analysis in vivo with tumor tissues isolated from implanted tumors. Other in vitro experiments showed that the increased apoptosis was autonomously mediated by intracellular maspin. These results are consistent with our previous reports that maspin functioned to induce apoptosis during normal mammary gland development (64) .
Maspin belongs to the serine protease inhibitor family of proteins (2) , which are well known for their roles in apoptosis. In most cases, serpins function to protect against cell lysis by acting on the cell surface (7, 32) or by inhibiting intracellular proteases such as granzyme B and caspases (4, 55) . However, maspin is unique in that it is a noninhibitory serpin that does not inhibit any proteases and can induce cellular apoptosis through mitochondrial translocation. These unique features indicate that the mechanism for maspin-mediated apoptosis is quite different from that found for other serpins. To date, the molecular targets for serpin-mediated apoptosis are not well understood.
Earlier studies by Pemberton et al. (37) revealed that maspin is predominantly a soluble cytoplasmic protein, although small amounts were also found associated with the heavy, light, and nuclear membrane fractions of human mammary epithelial (30) showed that while no maspin expression was detected in cytoplasmic and nuclear lysates obtained from the breast cancer cell line MCF-7, an intense nuclear signal was detected in the pancreatic cancer cell line AsPC-1. Furthermore, Sood et al. (48) reported that the subcellular fractions of two maspin-positive ovarian cancer cell lines contained maspin in both the nuclear and cytoplasmic compartments and also that small amounts of maspin appeared to be associated with distinct structures at the cell surface. In the mouse mammary cell line TM40D-Mp, maspin was expressed in both the cytoplasmic and nuclear fractions as well as in the Golgi bodies and the endoplasmic reticulum. However, a novel finding is that during tumor apoptosis, maspin is translocated to the mitochondria under induced conditions. Therefore, this study focused on the translocation of maspin to mitochondria and the mechanism of maspin-mediated apoptosis. Mitochondria play a critical role in apoptosis in response to many stimuli. They release proteins into the cytosol, including cytochrome c, caspases, AIF, and Smac/DIABLO, in response to a change in permeability of the outer mitochondrial membrane. As a result, mitochondrial proteins are essential for the induction of nuclear apoptosis in vitro in most, if not all, experimental systems of mammalian cell death (29, 52) . Moreover, it appears that mitochondria are the principal site of action of Bcl-2 such as oncoproteins. Hence, the study of the regulation of mitochondrial function in vitro, with isolated mitochondria, has an increasing impact on apoptosis research. Here we report for the first time that maspin gets translocated during the import reaction into the mitochondria when the permeability transition pore is induced with atractyloside. Treatment of mitochondria with permeability transition inducers causes the matrix to swell and ultimately ruptures the mitochondrial outer membrane (62) . It has been suggested that this effect occurs during apoptosis to cause the loss of ⌬⌿m and the release of intermembrane proteins from mitochondria (3) . The use of another serpin, ovalbumin, as a control for the import assay proved the specificity of maspin import.
By lowering the sucrose concentration within a mitochondrial suspension, the mitochondrial matrix will swell, leading to rupture of the outer membrane while leaving the inner membrane intact (38) . Hence, after swelling of the matrix, proteins that are within or facing the intermembrane space are accessible to externally added protease, resulting in their complete or partial degradation. Galmiche et al. (15) reported that the N-terminal 34-kDa fragment of Helicobacter pylori targets mitochondria, and by use of the swelling experiment, p34 and VacA were localized to the inner membrane of the mitochondria. Concurrent with these results, maspin was protected from proteinase K digestion and was present either free in the mitochondrial matrix or associated with the inner membrane after matrix swelling. The carbonate extraction assay was done to further narrow down the localization of imported maspin. This assay involves the extraction of soluble and peripheral membrane proteins from integral membrane proteins through the use of carbonate extraction (13) . These data suggests that maspin is translocated to the inner membrane of the mitochondria.
Interestingly, GST-maspin and the mutant with a deletion in the N terminus of maspin were imported whereas, the mutants containing the N terminus alone or the deleted RSL domain did not get imported into the mitochondria. The N-terminal maspin mutant (amino acid 1 to 139) has a large deletion of maspin from amino acids 140 to 375. The inability of N-maspin to import into mitochondria may due to the fact that the deletion of amino acids 140 to 375 removes the functional domain responsible for mitochondrial importing. Deletion of maspin in the N-terminal region confirms that the functional domain is not located in the N terminus of maspin. The maspin⌬N mutant, which loses nearly one-third of maspin (amino acids 1 to 139), is able to import to mitochondria and mediates increased apoptosis ( Fig. 8 and 9 ). This confirms that the functional domain responsible for mitochondrial import is not located in the N-terminal region of maspin. However, a deletion of 35 amino acids in the C-terminal region of maspin, which contains the RSL domain, completely abolishes the ability of maspin to import to mitochondria and to mediate increased apoptosis.
The RSL domain is one of the major functional domains among serpins. Various reports illustrate the importance of the RSL domain of maspin in cell migration and invasion (45) as well as cell-extracellular matrix adhesion (33) . However, at least in endothelial cells, deletion of the RSL domain does not affect the function of maspin in antiangiogenesis (65) . Here, our result indicates that the RSL domain is also necessary for the translocation of maspin into the mitochondria. Neither the N-maspin nor the maspin⌬RSL transfectant clone induced tumor cell apoptosis. This suggests that the effect of maspin on induced apoptosis may be dictated by unique elements in the RSL sequence.
It is noted that the localization of mutant maspin in the mitochondrial fraction (under induced conditions) in the maspin⌬N transfectant clones is similar to that of intact maspin in TM40D-Mp cells, suggesting that the translocation of maspin (mutant and intact) to the mitochondria might be a crucial step for its role in mediating apoptosis. Considering the increase in the caspase 3 activity level in both TM40D-Mp cells and maspin⌬N cells under induced conditions compared to induced TM40D cells, we speculate that this increase in the caspase-3 level was the result of increased mitochondrial apoptotic activity in these cells.
Based on these premises, we hypothesize that the permeability transition might be the critical event in determining the apoptosis-inducing potential of maspin. Thus, bringing into focus the question of what supports the import of maspin under the induced permeability transition opening. Pastorino et al. (26) reported the activation of permeability transition by Bax. Depending on the concentration of Bax, a sustained opening of the permeability transition occurred to allow persistent mitochondrial swelling and de-energization. Since the overexpression of Bax also enhances apoptosis through the mitochondrial permeability transition (26) , Bax is now known to mediate the apoptosis-sensitizing effect of maspin (28) . It has been observed that there is an upregulation of Bax in maspin-expressing cells, but it is largely unknown how Bax regulates the permeability transition at the molecular level. The influence of Bax expression in maspin import to the mitochondria has become the focal point of further study.
Mitochondrial membrane depolarization and cytochrome c release from the intermembrane space are supposed to be the determining factors in the final step to apoptosis (29) . Recent findings suggest that mitochondrial permeability transition may be an important event in the effector phase of the apoptotic process, wherein the release of cytochrome c acts as an essential cofactor in the activation of the dormant killer proteases. Hence, the loss of ⌬⌿m under induced conditions both in vitro and in vivo suggests that there is a definite role of permeability transition induction in the import of maspin.
Interestingly, the loss of ⌬⌿m was higher in the maspin⌬N transfectant clones than in the maspin⌬RSL clone. Although we cannot exclude the possibility that serum starvation by itself can trigger the mitochondrial pathways of apoptosis, it is important to note that the increased loss of ⌬⌿m in the TM40D-Mp cells and the maspin⌬N clones in comparison to the TM40D cells suggests that maspin mediates apoptosis upon induction of the mitochondrial permeability transition. Additionally, the release of cytochrome c from the mitochondria into the cytosol correlated with the translocation of maspin into the mitochondria, emphasizing the involvement of an internal signal in this transport machinery. Since maspin is not imported directly, we suspect that maspin might be interacting with another protein which brings maspin to the mitochondria. The involvement of Bcl2 family proteins (such as Bax and Bak) and various other factors that assist maspin translocation to the mitochondria is being investigated. Cross talk from the endoplasmic reticulum is also of interest for future analysis, since the maspin level increases in the endoplasmic reticulum in response to serum starvation.
Finally, to confirm that maspin plays a significant role in increasing the level of apoptosis in these tumor cells, RNA interference was employed to suppress maspin expression. Short interfering RNA-mediated suppression of maspin in TM40D-Mp cells resulted in decreased caspase-3 activity, which was comparable to that of the TM40D parental cells. These data indicate that maspin gets imported into the inner membrane of the mitochondria when the membrane potential is dissipated and is followed by the release of cytochrome c into the cytosol through the induction of the permeability transition. More-detailed studies identifying what causes maspin translocation to the mitochondria are under way.
In summary, this is the first report demonstrating a general mechanism of maspin-mediated tumor cell apoptosis, which occurs through the mitochondrial death pathway. These data indicate that intracellular maspin is translocated to mitochondria in response to an internal signal. Such findings offer a new direction for cancer therapy, wherein identifying the molecular mechanisms of maspin-mediated apoptosis will help to design a better approach for maspin-based therapeutic interventions against breast cancer.
